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ABSTRACT

Chao and Lin’s work on tropical intraseasonal oscillations, super cloud clusters, and cumulus convection
schemes is extended from a 2D model setup to a 3D aquaplanet setup. It is found that super cloud clusters can
be simulated in a 3D model and that the 3D setup has more stringent requirements on the cumulus convection
scheme than the 2D setup does for a successful simulation of super cloud clusters. Three cumulus convection
schemes are compared in experiments simulating super cloud clusters. In the more successful experiments,
individual cloud cluster pairs in the meridional direction, once generated near the equator by the cloud cluster
tele-induction mechanism, assume a poleward movement while exhibiting weak zonal movement. The combi-
nation of two or three successive cloud cluster pairs (i.e., vortex pairs) straddling the equator gives rise to
westerly wind burst events of sizable longitudinal range and duration. Thus, the westerly wind burst, as appeared
in the model, is really a part of the super cloud cluster structure. The evaporation–surface wind feedback
mechanism is found to be unnecessary for the existence of the super cloud clusters. However, it does make the
latter more robust. The need for improvement in cumulus parameterization for tropical simulation is discussed.

1. Introduction

The tropical intraseasonal oscillation of 40–50 day
period, also known as the Madden–Julian (1971, 1972)
oscillation (MJO), has been the topic of many investi-
gations for reasons of both physical interest and prac-
tical forecast application (Ferranti et al. 1990). For a
review of the observational studies of MJO, the reader
is referred to Madden and Julian (1994). Among the
more recent observational works are Salby and Hendon
(1994), Hendon and Salby (1994), and Hendon and
Liebmann (1994). For a concise review of theoretical
work on the MJO, the reader is referred to Hayashi and
Golder (1993) and Kuma (1994). Among the recent the-
oretical work are Emanuel et al. (1994), Neelin and Yu
(1994), and Yu and Neelin (1994). The interpretation
of the origin of the MJO has greatly interested the re-
search community. Until recently, the most popular
foundation for interpreting the MJO has been the wave–
CISK mechanism and its variants (Chao 1987; Lau and
Peng 1987; Hendon 1988; Chang and Lim 1988; among
others). However, the difficulties encountered in simu-
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lations based on the wave–CISK mechanism, that is, the
excessive speed and the preference for the smallest scale
of the associated convective region, have been obvious.
Chao (1995), while acknowledging the importance of
the interaction between convection and convection-in-
duced large-scale circulation, discussed these difficul-
ties and attributed their cause to the particular cumulus
convection formulation used in wave–CISK type of sim-
ulations, which depends on the vertical velocity at the
top of the boundary layer and has a fixed vertical heating
profile. Another mechanism proposed for the MJO is
that of the evaporation–surface wind feedback, which
was later renamed the wind-induced surface heat ex-
change (WISHE) mechanism (Emanuel 1987; Neelin et
al. 1987). This mechanism will be discussed in the con-
text of our numerical experiments.

In Part I of this paper (Chao and Lin 1994, hereafter
CL), a new framework for interpreting the MJO was
proposed. Chao and Lin interpret the MJO as the tropical
circulation driven by a convective region over the equa-
torial region of the size of 30–40 degrees in longitude.
In the most common cases this convective region arises
in the western Indian Ocean and moves eastward a dis-
tance of one-third of the globe to the mid-Pacific, where
SST is relatively high, in about 40–50 days and is fol-
lowed by a new convective region arising in the western
Indian Ocean to repeat the cycle. This convective region
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FIG. 1. The precipitation field of an experiment identical to Fig. 8 of CL except that the
direction of the basic flow, toward which the zonally averaged u wind is relaxed in the Rayleigh
friction term, is reversed.

is composed of one or more super cloud clusters (Nak-
azawa 1988; Lau et al. 1991; Sui and Lau 1992). A
super cloud cluster is the envelope, or wave packet, of
successive well-separated cloud clusters (Fig. 5 of Nak-
azawa 1988; CL have argued that super cloud clusters
should be identified as solitary waves.) The speed and
often the direction of the envelope are different from
those of the individual cloud clusters. Thus, to under-
stand the origin of MJO, one has to understand the origin
of the super cloud clusters and their eastward movement
and speed. According to CL, the latter two items can
be understood as follows. A super cloud cluster com-
prises successive individual cloud clusters arising at or
close to the equator on the upstream side (east side, in
a basic easterly) of existing cloud clusters. The sudden
rise of a cloud cluster sets off gravity waves propagating
in all directions. Since the moisture field is not uniform
surrounding the cloud cluster with the upstream side
near or at the equator having more low-level moisture
(simply because the moisture on the upstream side has
not been ‘‘used’’ by the cloud cluster; this will also be
discussed along with Fig. 13d), the gravity waves can
set off a new cloud cluster more easily there. Chao and
Lin called this process the cloud cluster teleinduction
mechanism, which is simulated in CL’s 2D (longitude–
height) model. Occasionally in CL’s 2D model, as an
alternative and less frequent way of setting off a new
cloud cluster, the convective cooling due to evaporation
of falling rain on a cloud cluster drives a mesoscale
downward motion that forces the boundary layer air to
move in all directions. The upstream branch creates a

convergence on the upstream side of the existing cloud
cluster. The boundary layer convergence, combined
with the high moisture content on the upstream side,
initiates a new cloud cluster. In CL’s 2D simulation once
a new cloud cluster is generated, it competes for mois-
ture supply with the existing one and leads to the demise
of the latter. The individual cloud cluster moves down-
stream relative to the basic flow speed to maximize its
life span (about 2–3 days). The successive formation of
new cloud clusters on the upstream side (i.e., a chain
reaction) and the downstream movement and the demise
of the existing ones give rise to an envelope, which is
the super cloud cluster.

Based on this theory we can make two predictions:
One is that, if the basic flow reverses direction, the super
cloud cluster should also reverse its direction and, if the
basic flow is set at zero, no super cloud cluster can
appear. The other is that, if we can somehow make the
rise of the cloud cluster more sluggish, the super cloud
cluster will not appear in the model. The first one is
quite obvious and was verified in a simple experiment
by changing the direction of the prescribed winds to-
ward which the Rayleigh friction adjusts the zonally
averaged flow and in a separate experiment by setting
the prescribed winds to zero. The results for these ex-
periments are shown in Figs. 1 and 2. To verify the
second prediction, we added a sizable divergence damp-
ing in the momentum equation to suppress interaction
between convective heating and circulation (thereby
suppressing the fast growth of cloud cluster) and re-
peated the 2D experiment with the Manabe et al. (1965)
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FIG. 2. The precipitation field of an experiment identical to Fig. 8 of CL except that the
zonally averaged u wind is restored to zero.

FIG. 3. The precipitation field of an experiment identical to Fig. 8 of CL except that a sizable
divergence damping in the momentum equation is introduced.

convective adjustment scheme. That is, ]V/]t 5 · · · 1
f div =D, where f div 5 f dl2Dt21, f d 5 0.4, l is the zonal
grid size, Dt is the time step, and D is the divergence
(cf. Talagrand 1972). The results (Fig. 3) show that the
super cloud cluster structure can no longer be main-
tained.

Chao and Lin’s 2D model simulations obtained results
very closely resembling observed super cloud clusters
(Nakazawa 1988). They also pointed out that the sim-
ulation results are highly sensitive to the cumulus con-
vective scheme used. Of the four convection schemes
used, only two were able to simulate the super cloud
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clusters. Chao and Lin’s work provides a framework for
a more comprehensive interpretation of the MJO. The
work ahead is still formidable. For example, the splitting
of a new convective region from the convective region
associated with the MJO in the Indian Ocean and its
subsequent northward movement (Yasunari 1981) have
no satisfactory explanation. Also, the movement of the
convective region from the Indian Ocean to the mid-
Pacific is not continuous (Zhu and Wang 1993; Lau et
al. 1996). Moreover, not too infrequently the convective
region associated with the tropical intraseasonal oscil-
lation travels westward across the entire western Pacific
and the Indian Ocean (Fig. 8 of Wang and Rui 1990).
Before addressing these difficult problems it is best to
take some intermediate steps in our attempt to gain a
more complete understanding of the MJO.

As mentioned in CL, a logical first step to extend
their work is to switch from the 2D model to a 3D model.
The 3D convective circulation can be quite different
from the 2D convective circulation. For instance, given
the same intensity of the growth of a cloud cluster at a
location, the 2D setup implies that a line of convection
in the direction of the third dimension and thus at any
fixed distance from this location it induces more vig-
orous gravity wave response than in the 3D setup (the
gravity waves excited in a 3D model propagate in all
horizontal directions and therefore their amplitudes di-
minish more rapidly). Thus a cumulus parameterization
scheme that can simulate the cloud cluster tele-induction
mechanism (and thus be successful in simulating the
super cloud cluster) in a 2D setup may fail in a 3D
setup. Thus the two successful convective schemes in
the 2D setup, Manabe’s convective adjustment scheme
and the simple convective scheme described in CL,
should be reexamined in the 3D setup. Besides, even if
a scheme remains successful in simulating super cloud
clusters in the 3D setup, the speed and other charac-
teristics can be very different from those obtained in a
2D setup. The 3D setup allows the cloud clusters one
extra dimension to move around and thus allows very
different circulation field.

Three-dimensional GCM simulation of the MJO has
been attempted by numerous investigators with varying
degrees of success (Hayashi and Golder 1993; Park et
al. 1990; Pitcher and Geisler 1987; Swinbank et al.
1988; Tokioka et al. 1988; Lau and Lau 1986; Slingo
and Madden 1991). The successful simulation of the
MJO should at least exhibit a period of 40–50 days in
various fields. Included in this should be the movement
of a precipitation region, comprising one or more super
cloud clusters, from the Indian Ocean to the mid-Pacific
in the same period as observed by Lau and Chen (1986).
This is an important aspect that has not been demon-
strated in any GCM. The full-feature GCM simulation
has its own merits. However, for the purpose of inter-
pretation of physical phenomena and for the purpose of
understanding how simulations can be improved, a less
complicated model can play a complementary role. This

is the direction we are taking. Specifically, we will use
a simplified version of the Goddard Laboratory for At-
mospheres General Circulation Model to investigate the
convective activities on an aquaplanet with zonally uni-
form SST.

Similar aquaplanet simulations have been conducted
by other research groups. Hayashi and Sumi (1986),
using a T20 model with the Kuo parameterization
scheme, obtained eastward-propagating (at a speed of
15 m s21) convective regions. Their results showed
wavenumber 1 features along with the individual con-
vective region of 3000-km size. However, the internal
structure of the super cloud cluster, that is, the westward
propagating individual cloud clusters, was not simulat-
ed. Using a T42 model, Numaguti and Hayashi (1991a,
b) extended Hayashi and Sumi’s work and compared
simulations with the Kuo scheme and those with the
Manabe scheme (i.e., the moist convective adjustment
scheme) and found that simulations with the Manabe
scheme showed, in addition to the eastward (at 8.5 m
s21) movement of convective regions (the super cloud
clusters), planetary-scale features. An important aspect
of their results with the Manabe scheme, though not
emphasized by them, is that the internal structure of
super cloud clusters, that is, the westward propagating
cloud clusters, appeared. Their results clearly demon-
strated the dramatic impact the choice of convection
scheme has on the modeled circulation pattern. Both
Hayashi and Sumi (1986) and Numaguti and Hayashi
(1991a, b) attributed the eastward movement of the
modeled convective regions to the wave–CISK dynam-
ics of Kelvin waves. The origin of the sensitivity to the
convection scheme was not discussed in either paper.
Recently, Kuma (1994) did a similar type of aquaplanet
simulations with the Kuo scheme and also attributed the
eastward movement to Kelvin wave–CISK. Also Yano
et al. (1995), using a shallow-water model, have argued
for WISHE as the mechanism for the eastward move-
ment. These recent works will be commented on in the
discussion section. In summary, the previous work on
aquaplanet simulation has not resolved the question of
why the convective region (at the synoptic and planetary
scales) moves eastward. Also, it did not offer any in-
terpretation for the high sensitivity to the choice of con-
vection scheme.

Our work expands on the previous work. Although
our numerical experiments have many similarities to the
previous work, we offer a different interpretation as to
the origin of the eastward movement of the convective
regions. In addition, our results reveal the nature of
westerly wind bursts as a feature of the internal structure
of the super cloud cluster. We will first compare the
behavior of the convective activity and the associated
circulation field in the 3D model with those in the 2D
model. The role of b, a basic feature of the 3D model,
will be studied. We will also study the sensitivity of the
model results to the choice of cumulus convection
scheme and to the evaporation–surface wind feedback.
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FIG. 4. The radiative cooling rate (in 8C/day) used in the model.

We will offer some (speculative) discussions on the sen-
sitivities to the choice of cumulus convection scheme.
Our results will be compared with the previous work
(Hayashi and Sumi 1986; Numaguti and Hayashi
1991a,b; Kuma 1994; Yano et al. 1995), but not in any
great depth. To directly compare results from different
models and to interpret the causes for the differences is
very difficult due to the large differences among the
models. Thus, we will mainly focus on the comparison
of convection schemes under a single model.

2. Model description

The model used is a simplified version of the Goddard
Laboratory for Atmospheres General Circulation Model
(GLA GCM). It is the same model that CL used to set
up their 2D model. The dynamics part of the model is
a substantially revised version of the GLAS fourth-order
model (Kalnay et al. 1983). The model uses a center
fourth-order differencing scheme on the nonstaggered
A grid in the horizontal and a second-order differencing
scheme in the vertical. The flux-form spatial finite-dif-
ferencing scheme formally conserves kinetic energy but
not potential enstrophy. However, potential enstrophy is
nearly conserved in practice. The vertical finite-differ-
encing scheme is that of Arakawa and Suarez (1983).
According to the design of this scheme, potential tem-
perature (instead of temperature) is used as a prognostic
variable. The locally consistent hydrostatic equation at
the bottom level is a salient feature of this scheme. The
time scheme is an initial Matsuno step followed by leap-
frog steps. A polar filter (Takacs and Balgovid 1983) is
applied to the time tendency of momentum and potential
temperature. A fourth-order Shapiro filter is applied to
momentum and potential temperature.

The moisture transport utilizes a second-order van

Leer–type scheme (Lin et al. 1994), which is conser-
vative and monotonic. The monotonic constraint on the
implied subgrid moisture distribution guarantees the
positivity of the water-vapor mixing ratio without the
need for an explicit diffusion (such as the Shapiro filter
in the original design) and/or filling algorithm. Transport
of moisture is done sequentially in each spatial direction.
Since there is no need for spatial and time filters, this
new scheme is just as fast as the original fourth-order
finite-difference scheme.

The planetary boundary layer and vertical diffusion
parameterizations follow those of the ECMWF GCM
(Louis 1979). It uses the Monin–Obukhov similarity
theory for surface flux calculation. Vertical diffusion
coefficient is Richardson number dependent. For our
limited modeling purpose the observed zonally averaged
net radiative heating (Newell et al. 1972), Fig. 4, is used
in lieu of the costly radiation parameterization. This
simplification limits the realism of the experiments. In
the quasi-equilibrium state of the model the sum of sur-
face sensible heat flux and latent heat flux (evaporation)
is determined by the total radiative cooling imposed. In
the real atmosphere this is not true. However, since our
objective is to investigate the interaction between con-
vection and circulation, this simplification does not cre-
ate a problem. Obviously, our model setup excludes any
cloud–radiation feedback. This has the distinct advan-
tage that whatever occurs in our model has nothing to
do with cloud–radiation interaction.

The model has 12 sigma levels in the vertical. Table
1 gives the sigma values. The horizontal grids are lat-
itude–longitude grids with 18 grid interval in the lon-
gitudinal direction. The grid interval in the latitudinal
direction is variable with a uniform 48 poleward of 308
and a uniform 18 equatorward of 108 and smoothly vary-
ing in the transition region in between. In the transition
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TABLE 1. Sigma values at the interface levels used in the model.

Level Sigma

1
2
3
4
5
6
7
8
9

10
11
12
13

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.95
0.98
1.0

FIG. 5. The zonally uniform SST (K) as a function of latitude used
in the model.

FIG. 6. The zonally averaged precipitation (mm day21) averaged over
day 20–40 in EMCA (solid), ERAS (dotted), and ECL (dashed).

region the order of accuracy of the horizontal finite-
differencing scheme is the first instead of the fourth.
Such a varying interval grid has been used by Staniforth
and Mitchell (1978) without any apparent ill effects.
The time step for the dynamics part of the model is 2.5
min.

The SST (Fig. 5) is zonally uniform and symmetric
with respect to the equator. The scope of this paper is
limited to zonally uniform SST. The model, like most
models, does not have realistic sensitivity to the SST
zonal variation in the sense that when the observed SST
is used the precipitation regions do not have realistic
zonal extent (i.e., too narrow). This problem will be
dealt with as a part of future research. The initial con-
ditions are arbitrarily taken from the zonal and cross-
equator average of the ECMWF analysis for 17 July
1981. The model is run with three different cumulus
parameterization schemes: the Manabe et al. (1965)
moist convective adjustment (MCA) scheme, the re-
laxed Arakawa–Schubert (RAS) scheme (Moorthi and
Suarez 1992), which is a part of the GLA GCM, and
the simple convective scheme of CL. The calling in-
terval is 10 min for RAS and is 1 h for both the MCA
scheme and the simple convective scheme. The heating
and moistening rates from the convection scheme are
saved and used at each dynamics time step until the next
convection call.

In summary, our model remains the same as the GLA
model with the modifications of an aquaplanet setting,
prescribed radiative cooling rate with the exclusion of
cloud–radiation interaction, a new moisture advection
scheme, higher resolution in the Tropics, and the use of
additional convection schemes. The purpose of these
modifications is to facilitate our experiments.

3. The experiments

The first experiment, denoted by EMCA, is done with
the MCA scheme. The integration lasts for 80 days. The
initial 15 days is, judging from the precipitation output,
a period of adjustment and is thus disregarded in our
analysis. The zonally averaged precipitation averaged

from day 22 to day 42, Fig. 6, shows an ITCZ right
over the equator. The longitude–time distribution of pre-
cipitation averaged between 58S and 58N is given in
Fig. 7. Between day 22 and day 42 there are two super
cloud clusters. The one to the west fades after day 44.
The one to the east becomes much more regular. Its
speed (;10 m s21) is such that it can cover a third of
the globe in two weeks. Such speed is not unrealistic.
Sui and Lau’s (1992) Fig. 10 shows an observed super
cloud cluster moving at about this speed. So does Nak-
azawa’s (1988) Fig. 2. The frequency of the generation
of new cloud clusters, about every 2 days, is quite re-
alistic, judging from Nakazawa’s (1988) observational
findings. So is the 208 distance between the neighboring
cloud clusters. In Fig. 7 each cloud cluster appears to
last for less than 2 days and little westward movement
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FIG. 7. The longitude–time distribution of precipitation (mm day21)
averaged between 58S and 58N in EMCA.

of the cloud clusters is exhibited. However, in a time
sequence analysis of latitude–longitude distribution of
precipitation we found that the cloud clusters, after
forming over or near the equator, soon move poleward
and at the same time assume little zonal movement (fre-
quently a small eastward movement is found). The po-
leward and weak zonal movement explains the short
duration of cloud clusters and lack of westward move-
ment in Fig. 7, respectively. Figure 8 shows a typical
time series event starting at hour 18 on day 22 at a 12-
h interval. Because of the SST and radiative forcing
symmetry with respect to the equator, a cloud cluster
arises over the equator or a pair of cloud clusters arise
near the equator. The interpretation of the poleward
movement of the cloud cluster, against the equatorward
low-level Hadley circulation, will be discussed in the
next section. In about 5 days the cloud cluster can reach
258N or S and eventually evolves into a midlatitude
cyclone. Occasionally, before reaching midlatitude, a
cloud cluster may reach the intensity of a tropical cy-
clone. Figure 9 shows an example of the surface pres-
sure field on day 24, hour 6. Often at this stage upstream
in the neighborhood of the equator, there is another new
cloud cluster intensifying. These vortices naturally in-

duce low-level westerly wind over the equator across a
broad longitudinal range very closely resembling the
westerly wind burst situation. Figure 10 shows the 850-
mb wind distribution at the same time as in Fig. 9 with
two vortices on either side of the equator and westerly
winds over the equator covering more than 608 in lon-
gitude. The observed longitudinal range of an intense
westerly wind burst reaches as much as 658 (Keen 1987).
Figure 11 shows the zonal wind at 258E over the equator.
It exhibits a westerly wind burst event of 20-days du-
ration with maximum wind over 20 m s21 and the west-
erly extends above 200 mb. High in the upper tropo-
sphere there are strong easterlies. All these numbers fall
within the normally observed ranges [as presented by
Lau et al. (1996) and Phoebus and Fiorino (1994)].

Figures 12 through 14 show the results of a composite
of the super cloud cluster for the last 20 days in Fig. 7.
The method of compositing is first to shift the results
in longitudinal direction. The amount of shifting is a
function of time such that the super cloud cluster be-
comes stationary after the shift. A time average is then
taken to obtain the composite picture. This is essentially
a time average in a framework moving at the speed of
the super cloud cluster. The figures are centered at ap-
proximately the location where the maximum composite
rainfall is at the equator. The precipitation (Fig. 12a) is
about 408 wide at the equator. The spread toward north-
west and southwest, which enhances the Rossby wave-
like circulation component to the west of the convective
region as a result of movement of twin vortex pairs,
corresponds well with observation. Hendon and Salby’s
(1994) Fig. 4 shows such size and spread in the observed
convection associated with the MJO. Sea level pressure
(Fig. 12b) shows a low almost 308 east of convection
center. Again, this is in agreement with observations.
Madden and Julian’s (1972) Fig. 16, panel a, shows
exactly the same distribution of sea level pressure for
the mature phase of the MJO. The amplitude of the
pressure perturbation along the equator, however, is
more than 3 mb, much larger than the observed 1 mb.
This is likely to be related to the fact that there is only
one super cloud cluster in the composite period, which
acounts for all the necessary rainfall amount to balance
the radiative cooling. The situation should improve
when land is introduced. Stationary convective regions
over the Maritime Continent, Africa, and South America
can account for a good deal of rainfall such that less
rainfall has to be accounted for by the super cloud clus-
ter. Figure 10 shows the composite vertical structure of
the modeled super cloud cluster. Similar to the surface
pressure perturbation, the zonal wind perturbation has
an amplitude of about 10 m s21, much larger than the
observed 4 m s21 (Madden and Julian 1972, Fig. 13).
This again is likely due to the strong amplitude of the
super cloud cluster and can be corrected when a full-
blown GCM with continents is used. Figure 13 shows
a low-level moisture maximum to the east of the max-
imum precipitation. This indicates that to the east of the
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FIG. 9. The surface pressure (in mb) on day 24, hour 6 in EMCA.

FIG. 10. The 850-mb wind (m s21) on day 24, hour 6 in EMCA showing two pairs of vortices
straddling the equator and westerly wind over the equator covering more than 608 in longitude.

super cloud cluster convective region the boundary layer
air picks up moisture as it moves toward the convective
region, and once inside the convective region it loses
moisture due to convection. Figure 13 also shows a
vertical tilt in both the convective heating field and in
the vertical velocity such that the low-level convergence
is ahead of the location of maximum precipitation. This
is also evident in Fig. 14, which shows that the maxi-

mum 850-mb divergence is about 58 ahead of the max-
imum precipitation. The observed difference is about
108 (Hendon and Salby 1994). Chao and Deng (1997)
discussed the origin of this out-of-phase relationship.
The observed surface divergence is about 408 ahead of
precipitation due to surface friction (Salby et al. 1994).
Our model shows a 58 lead at the lowest level (;990
mb), but it also has a secondary divergence maximum
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FIG. 11. Time–height distribution of zonal wind (m s21) over the
equator at 258 in EMCA showing a westerly wind burst event.

FIG. 13. Composite vertical structure along the equator of the super
cloud cluster showing (a) zonal wind (in m s21, (b) heating field (in
8C day21), (c) vertical velocity in 1026 mb h21 in EMCA, and (d)
mixing ratio in kg kg21.

FIG. 14. Composite horizontal structure showing divergence at (a)
850 mb and (b) surface in EMCA.

FIG. 12. Composite structure of the super cloud cluster of (a) pre-
cipitation in mm day21 and (b) surface pressure in mb in EMCA.

328 ahead of the precipitation maximum, and the model
lowest-level divergence spreads clearly far to the east
of the precipitation maximum.

This experiment, though rendering reasonable results
of the super cloud clusters, cannot be considered as a
completely realistic simulation of the MJO. The con-
vective region associated with the MJO, consisting of
one or more super cloud clusters, travels in only one-
third of the globe (from the Indian Ocean to the mid-
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FIG. 15. Precipitation (mm day21) distribution on day 40, hour 0 in
ERAS.

FIG. 16. Longitude–time plot of precipitation (mm day21) averaged
between 58S and 58N in ERAS.

FIG. 17. Horizontal composite structure of super cloud cluster in
ERAS showing (a) precipitation (in mm day21) and (b) surface pres-
sure (in mb).

Pacific) and thus cannot possibly be simulated with a
zonally uniform SST distribution as used in our model.
We expect that when land is introduced, there will be
a good deal of improvement.

The experiment with RAS, denoted by ERAS, is iden-
tical to EMCA except that the MCA scheme is replaced
by RAS. Figure 15 shows a typical precipitation field
in the Tropics. It shows a very widely spread precipi-
tation area with lower precipitation intensity. Since the
precipitation has low intensity, the wind field shows
very weak divergence and vorticity fields. The longi-
tude–time plot of precipitation over the equator (Fig.
16) shows no super cloud cluster structure (in the sense
that there is no sign of westward moving well-separated
individual cloud clusters and eastward moving envelope
of cloud clusters). The pattern difference between Figs.
16 and 7 cannot be explained away by the choice of
contour lines. If the 5 mm day21 contour line is not
drawn in Fig. 16, the pattern before day 36 may have
separate cloud clusters. However, the individual cloud
cluster is clearly moving in exactly the same direction
as the envelope. Also, the precipitation pattern moves
eastward at a very high speed of 30 m s21, a speed that
is close to the optimal speed for creating boundary con-
vergence of a moving precipitation region (Chao 1995).
These have hardly any resemblance to the observed su-
per cloud clusters. Moreover, the vortex pairs scenarios
do not exist in this experiment and, thus, westerly wind
burst events do not occur. The composite precipitation
pattern (Fig. 17a) shows a wider north–south extent than
east–west extent contrary to the observations. Also, no
protrusions in the northwest and southwest directions
in the precipitation pattern are found. Overall the pre-
cipitation is much more widespread and, therefore, the
intensity is much less. Correspondingly, the composite
surface presssure field (Fig. 17b) shows much weaker
amplitude than the EMCA case. The composite vertical
structure of convective heating and vertical velocity
along the equator (Fig. 18) shows no discernable phase
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FIG. 18. Vertical composite structure along the equator of super
cloud cluster in ERAS showing (a) convective heating field (in 8C
day21) and (b) vertical velocity in 1026 mb h21.

FIG. 19. Longitude–time plot of precipitation (mm day21) averaged
between 58S and 58N in ECL.

lag between deep convection and low-level conver-
gence, contrary to the observations.

The experiment with the simple convection scheme
of CL, denoted by ECL, gives in the longitude–time
plot of precipitation over the equator (Fig. 19) a struc-
ture that, upon close examination, does not fit the ob-
served structure of super cloud clusters. This structure
shows a pulsating cloud cluster moving eastward and
shedding new westward moving cloud clusters. If the
lowest contour line in Fig. 19 is not drawn, then we see
some eastward moving cloud clusters along with some
westward moving cloud clusters. This is distinctly dif-
ferent from the observations [cf. Fig. 11 of Nakazawa
(1988)]. The observed super cloud cluster is the enve-
lope of successive individual cleanly separated cloud
clusters moving all in the some direction, which is dis-
tinctly different from the direction in which the envelope
moves. This structure moves with a speed, 9 m s21,
comparable to EMCA. The westward movement of
cloud clusters with a speed of 17 m s21 is realistic but
obviously unlike those in EMCA. Although the cloud
clusters remain at the same latitude (the equator) for
longer than a day, this is shorter than the typical 2–3
days that is found in observations (Nakazawa 1988).
The separation between the cloud clusters is not clean,
whereas clean separation is the norm in EMCA and in
nature (Figs. 5 and 11 of Nakazawa 1988). This is a
second major difference from the results of EMCA. In
fact, the westward moving cloud clusters are shed from
a continuously eastward moving and pulsating cloud
cluster (Fig. 11). ‘‘Unclean’’ separation between cloud
clusters exists occasionally in the 2D results with the
simple convection scheme (CL, Fig. 1) but not in the
same manner as in the present 3D simulation. In the 2D
results the neighboring cloud clusters are occasionally
connected; however, the location of initiation of a new
cloud cluster is distinctly separately from the existing

cloud cluster, whereas the 3D results show no such fea-
ture. Thus, we conclude that the cloud cluster tele-in-
duction mechanism is not operating in this experiment.
Thus, the super cloud cluster structure is not well sim-
ulated.

A westerly wind burst event is found in ECL. How-
ever, the eastern end of the westerly region over the
equator is met by an easterly of the same kind of mag-
nitude. The corresponding convergence coincides with
the precipitation region over the equator. Figures 20a,b
give a typical example of such a flow pattern and the
corresponding precipitation for day 44, hour 0. They
show westerly winds over the equator between longitude
458 and 788 met by easterly winds of the same magnitude
on its eastern side. Such structure is quite different from
reality where the easterly winds on the eastern side of
a westerly (wind burst) region is much weaker (Hartten
and Young 1998, manuscript submitted to J. Climate).
This observational fact can be inferred from p. 23 of
Fiorino et al. (1994). The westerly wind burst event they
presented is a part of the eastward propagation of the
MJO and the figure shows that prior to the occurrence
of the westerly burst there is no substantial increase in
the easterly wind at the equator. The observed westerly
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FIG. 20. (a) 850-mb wind distribution in one-third of the equatorial domain at day 44, hour 0 in
ECL. (b) The corresponding precipitation pattern.

FIG. 21. Horizontal composite structure of super cloud cluster in
ECL showing precipitation (in mm day21).

wind in the westerly wind burst region is due to cyclonic
vortices (and thus precipitation regions) away from the
equator and not due to a large convective region over
the equator. The composite precipitation (Fig. 21) in its
more intense core has a wider north–south extent than
east–west extent. There is little protrusion in the north-
west and southwest directions. A secondary maximum
over the equator lies some 258 to the west of the primary
maximum, a feature not observed in the real data. The
vertical structure of the convective heating (Fig. 22a)
shows in the upper troposphere an extension far into the
west and a secondary maximum. Correspondingly, a
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FIG. 22. Vertical composite structure of super cloud cluster in ECL
showing (a) convective heating field (in 8C day21) and (b) vertical
velocity in 10–6 mb h21.

FIG. 23. Longitude–time plot of precipitation (mm day21) averaged
between 58S and 58N in an experiment repeating EMCA but with the
evaporation–surface wind dependence removed.

secondary maximum is found in the vertical velocity
composite over the equator (Fig. 22b). Apparently the
westward moving cloud clusters shed from the main
eastward moving cloud cluster experience a growth (Fig.
19). The cause of these differences in simulating the
super cloud cluster obviously has to do with the simple
convection scheme used in this experiment, since the
only difference between ERAS and EMCA is in the
convective scheme used. The reason why the simple
convection scheme is less successful in a 3D setup than
in a 2D setup must have to do with the change from
2D to 3D and will be discussed in the next section.

Since EMCA is the only successful simulation thus
far (albeit the absence of westward movement of cloud
clusters), the next experiment is done with the MCA
scheme. The effect of evaporation–surface wind feed-
back is revealed in an experiment where the dependence
of evaporation on surface wind is removed by replacing
the surface wind factor in the evaporation formula by
a constant of 5 m s21. The wind factor in computing
the other surface fluxes is not changed. The longitude–
time distribution of precipitation in the 58S–58N range
is shown in Fig. 23. Super cloud clusters still exist.
Comparing with Fig. 7 of EMCA, one notices that the
most obvious difference is that in this experiment there
are more super cloud clusters quite evenly distributed.
Thus, our finding is that the evaporation–surface wind
feedback mechanism is not necessary for the existence
of the super cloud clusters. The vortices (and thus the
cloud clusters) have lower intensity in this experiment.
Correspondingly, the westerly wind burst intensity is
lower. Individual cloud clusters are relatively short
lived. The speed of the super cloud cluster is much
slower. The lower intensity of the cloud clusters is con-
sistent with the finding that there are more cloud clusters
for the reason that more weaker cloud clusters is nec-
essary to yield the same amount of convective heating

to balance the imposed radiative cooling. Our results
concerning the effects of evaporation–surface wind
feedback are consistent with those of Neelin et al.
(1987), which indicated that the MJO signal in a GCM
still existed but was weaker when the evaporation–sur-
face wind feedback is suppressed.

In our interpretation of the cloud cluster teleinduction
mechanism the basic easterly flow is crucial for the
mechanism to exist. An experiment was conducted to
investigate the role of the basic easterly. In this exper-
iment everything is the same as EMCA except that the
zonally averaged zonal mean is set to be zero at all
levels and all latitudes after every dynamics time step.
The resulting precipitation pattern (Fig. 24) shows no
sign of super cloud cluster structure. This is consistent
with our interpretation of the teleinduction mechanism.
In another experiment to investigate the role of b, the
EMCA experiment is repeated with the Coriolis force
removed and the basic zonally averaged zonal flow re-
stored to the time-averaged zonally averaged zonal flow
of EMCA after every dynamics time step. The resulting
precipitation pattern (Fig. 25) shows super cloud clus-
ters can still exist. The composite picture of this ex-
periment shows a double ITCZ struture and no north-
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FIG. 24. The longitude–time distribution of cumulus precipitation
(58S–58N) in an experiment similar to EMCA but with zonally av-
eraged zonal wind set to zero after every time step.

FIG. 25. The longitude–time distribution of cumulus precipitation
(58S–58N) in experiment similar to EMCA but with the Coriolis force
removed and the zonally averaged zonal flow restored to the time-
averaged zonally averaged zonal flow of EMCA.

westward and southwestward protrusions. Thus, b is not
an essential element for the existence of the super cloud
clusters but it is important for the horizontal shape of
the composite convective region. Also from this exper-
iment it can be concluded that the Kelvin and Rossby
waves are not essential for the existence of the super
cloud clusters. However, they do play important mod-
ifying roles.

4. Discussion

One basic finding of our experiments is that the cloud
cluster teleinduction mechanism found in a 2D model
(CL), thus the super cloud cluster structure, can exist
in a 3D model. An important difference between 2D
and 3D results is that in the 3D results the cloud clusters
do not terminate after just 2 or 3 days. They can often
move poleward and westward and not infrequently
move into middle latitudes. Dissipation and termination
of cloud clusters in the model Tropics is also common.

Although our experiment, EMCA, shows consider-
able qualitative successes such as the existence of super
cloud cluster, its eastward movement, the vortex pair
(strong enough to be called twin cyclones), and the west-
erly wind burst; quantitatively our results have many

deficiencies. The zonal movement of the cloud cluster
appears to be too small. As a result, in the longitude–
time distribution of precipitation over the equator the
individual cloud clusters do not exhibit westward move-
ment as in Nakazawa’s observation. It is known (Hop-
finger and van Heijst 1993) that a single positive vortex
of high intensity on a b plane moves northwestward
[see also Li and Wang (1994) and references therein].
Its westward component can be diminished when it is
interacting with another vortex of the same high inten-
sity on the other side of the equator. Even without the
help of another vortex on the other side of the equator,
the westward movement of a vortex can be small due
to b drift. The intensity of the vortices in our model
appears to be too high. This is also evidenced by the
strong pressure gradient in the vortices found in the
model. The possible causes of the high vortex intensity
can be numerous. Judging from the high dependence of
the results on the cumulus convection scheme used in
the model (soon to be presented), we can conclude that
treatment of cumulus parameterization is high on the
list of model components whose modification can great-
ly improve the model results in the sense of increasing
westward movement of the cloud clusters. This is of
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course hardly surprising given that what we are inves-
tigating is the interaction between convection and wind
circulation. The treatment of moisture advection, which
has a profound impact on the moisture distribution—
part of the input parameters of the convection schemes,
should also be high on the list, particularly the vertical
moisture advection (Rasch and Williamson 1991). One
caveat is that the sensitivity of model results to the
choice of moisture transport scheme undoubtedly exists
but it may have been distorted (most likely exaggerated)
by the poorly formulated cumulus parameterization.
Other possible causes may lie in the differences between
our simplified model and the complete model.

Of the three convection schemes that we have used,
only the moist convective adjustment scheme can be
considered qualitatively successful in simulating the
cloud cluster teleinduction mechanism responsible for
the origin of the super cloud cluster structure. The rea-
son for the more stringent requirement on the convection
scheme in 3D than in 2D models has been mentioned
in the introduction. Here we will discuss it further. In
order for a new cloud cluster (or a cloud cluster pair)
to be initiated at a location on the upstream side of an
existing cloud cluster (or a cloud cluster pair) there must
be strong enough uplifting at the top of the boundary
layer to trigger the instability that is responsible for
growth of the new cloud cluster. Such uplifting can ma-
terialize only through gravity (or, more precisely, iner-
tiogravity) waves excited by the existing cloud cluster
(or the cloud cluster pair) at a distance. For the same
degree of explosiveness in the growth of a cloud cluster
the intensity of the gravity wave that is generated at a
fixed distance is weaker in the 3D than in the 2D model
setup, simply because of the geometry. The degree of
explosiveness in the growth of a cloud cluster in a model
is, of course, critically dependent upon the way cumulus
convection is parameterized. The cumulus convection
scheme that gives more explosive growth of the cloud
clusters has a better chance of succeeding in simulating
super cloud clusters. The simple convective scheme cre-
ates a lower degree of explosiveness in the growth of
cloud clusters than the MCA scheme as evidenced by
the lower precipitation rate associated with the cloud
clusters in both the 2D simulation (Figs. 1 and 7 of CL
have maximum values of 170 and 265 mm day21, re-
spectively, which were inadvertently not indicated in
the figures) and the present 3D simulation. Thus, it fits
our argument that in the 3D setup the moist convective
adjustment scheme is qualitatively successful in simu-
lating super cloud clusters, while the simple convective
scheme fails. How and if the simple convective scheme
can be modified in order to be successful are interesting
questions, but they are not pursued in this paper.

The sensitivity of the model results to the choice of
the convection scheme should not be surprising. The
super cloud cluster has its origin in the cloud cluster
teleinduction mechanism. The latter depends on the ex-
plosive growth of the cloud cluster to excite a gravity

wave of sufficient amplitude. How explosive the growth
is depends, of course, heavily on the convection scheme.
Slow growth is often associated with low peak intensity,
which implies low peak precipitation intensity. RAS has
the lowest maximum precipitation intensity in both 2D
and 3D setups and is thus not successful in simulating
super cloud clusters in both setups and this, not sur-
prisingly, fits our argument well. Exactly why RAS
gives slow cloud cluster growth rate is a fundamental
question. Thus far we can only provide the following
speculative discussion.

The Arakawa–Schubert (AS) scheme has the impor-
tant attribute of pointing out and using the cloud work
function quasi-equilibrium assumption (CWFQEA).
This assumption states that the time rate of change of
the cloud work function (CWF) of each cloud type is
much smaller than its two component rates due to the
cumulus ensemble and the large-scale processes. This
assumption has the support of observational analysis
(Arakawa and Schubert 1974, their Fig. 13) and cumulus
ensemble model output analysis (Xu and Arakawa 1992,
their Figs. 11 and 12) and is not challenged here. How
to use this assumption and if it can be used in a cumulus
convection scheme are questions that, in our opinion,
are still unsettled. The way the AS scheme utilizes this
assumption for cumulus parameterization closure pur-
pose (Lord et al. 1982) is to set a critical CWF value
(obtained from observed time-averaged CWF) for each
cloud type, to let the large-scale processes in the model
operate for a certain length of time (30 min or so) and
to adjust the CWF of each cloud type, if it is higher
than the critical value, back down to its critical value.
This way of implementation keeps the model CWF of
a cloud type at a fixed value in regions where a cloud
type exists. Thus, this way of utilizing the CWFQEA
actually does more than what this assumption dictates.
The small rate of change of CWF has been turned into
keeping CWF at a constant when there is convection.
CWF being a constant in the presence of convection is
not supported by observations. Lord and Arakawa’s
(1980) Fig. 9 shows that the CWF that is computed with
vertical thermodynamical profiles averaged over a re-
gion even as large as the GARP Atlantic Tropical Ex-
periment varies in time with a standard deviation as
large as one-third of its time mean for tall cloud types
and even greater for shallow cloud types. The same
figure shows that at individual stations the standard de-
viation is much greater. Such temporal variation of CWF
(averaged over an area the size of a model grid box) is
of course largely due to the growth and decay of cloud
clusters. Thus, the AS scheme’s method of utilizing
CWFQEA does not allow fast growth of cloud clusters.
Without the rapid growth of a cloud cluster to excite
strong enough gravity waves, the cloud cluster telein-
duction mechanism cannot be simulated. Consequently
models using the AS scheme fail to show super cloud
cluster structure and the Madden–Julian oscillation.
RAS does not bring the CWF to its critical value com-
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FIG. 26. Longitude–time plot of precipitation (mm day21) averaged
between 58S and 58N in an experiment where the cumulus parame-
terization is bypassed and the convection is handled by the large-
scale convection.

pletely but only partially in a relaxation manner. How-
ever, this has the somewhat equivalent effect of raising
the critical CWF and our experiments show that it is
still very restrictive. We have increased the relaxation
coefficient in RAS in 2D experiments. As the relaxation
coefficient is increased, the effects of RAS diminish and
eventually the large-scale convection takes over and
produces super cloud clusters. We did an integration of
the 3D model bypassing cumulus parameterization and
allowing the large-scale convection; the resulting lon-
gitude–time distribution of precipitation averaged be-
tween 58S and 58N is shown in Fig. 26. Unlike EM,
this figure shows super cloud clusters with more com-
plicated internal structure. Since the large-scale con-
vection cannot be used to replace the cumulus scheme,
this integration has only academic interest.

Incidentally, the semiprognostic tests of the AS
scheme, such as those of Lord (1982), Grell et al. (1991),
and Xu and Arakawa (1992), do not use the approach
of bringing CWF to its critical value. Thus these tests,
though meaningful for testing CWFQEA, cannot be con-
sidered as tests of the AS scheme that is actually used
in the models.

Obviously some change to RAS is necessary. Kuma
(personal communication) has recently revised the Ar-
akawa–Schubert scheme replacing the quasi-equilibri-
um closure by a prognostic method of determining the
cloud-base mass flux and has been successful in ob-
taining super cloud cluster structure. His results still
achieve a quasi equilibrium (as would any reasonable
cumulus parameterization scheme) but not the same
quasi equilibrium as dictated by the Lord et al. (1982)
and RAS implementations of AS (we anticipate that his
model results give a much larger fluctuation of the cloud
work function). This concludes our speculative discus-
sion on the failure of RAS and naturally this speculation
should be further investigated.

Our simulation results clearly show that the westerly
wind burst event is really an integral part of the super
cloud cluster structure. Our experimental setup has sym-
metry with respect to the equator; thus the results often
show vortex pairs across the equator. Even without such
symmetry, vortices formed on one side of the equator
are sufficient to give rise to westerly wind burst events
over the equatorial area. Observation during the TOGA
Coupled Ocean–Atmospheric Response Experiment
shows a case (mid-December 1992 through early Jan-
uary 1993) like this (Fiorino et al. 1994, pp. 25, 43).

The surface wind–evaporation feedback mechanism
is found to be unnecessary for the existence of the cloud
clusters. However, it is an important factor determining
the intensity of the cloud clusters. Since our simulations
succeeded only in simulating super cloud clusters and
cannot be considered as successful in simulating the
MJO, the precise role of the surface wind–evaporation
feedback mechanism in the MJO is not determined by
our experiments.

Our present work of aquaplanet simulations repre-
sents an outgrowth of previous work on this subject.
The work by Hayashi and Sumi (1986) obtained east-
ward movement of convective regions but not the west-
ward movement of the individual cloud clusters. Nu-
maguti and Hayashi (1991a) did a similar numerical
simulation with MCA. Judging from their Fig. 13, we
note that they did obtain super cloud clusters with com-
parable speed (8.5 m s21 vs our 10 m s21). Their results
show strong planetary wavenumbers 1 and 2, similar to
our results. The zonally averaged precipitation over the
equator is less than 4 mm day21 (their Fig. 12 vs our
10.2 mm day21). The closeness of their results to ours
is quite encouraging. The quantitative differences be-
tween their results and ours only point out the sensitivity
of the simulation to different model designs and param-
eters. Both papers attributed the origin of the eastward
movement to Kelvin wave–CISK, which was criticallly
reviewed by Chao (1995).

At the conclusion of our experiments we became
aware of Kuma’s (1994) simulations with the Japan Me-
teorological Agency global spectral model on an aqua-
planet. Kuma used full physics including a revised Kuo
scheme. To a high degree his results are consistent with



1 MARCH 1998 707C H A O A N D D E N G

ours. He, too, obtained one or two super cloud clusters
most of the time, which travel around the globe in about
40 days (a speed three times that of the observed con-
vective region associated with the MJO). His results of
super cloud clusters giving rise to cyclogenesis is the
same as what we obtained. One striking difference is
that the zonal component of movement of the individual
cloud clusters in his simulation is more realistic than
ours, which is too slow. The cause for this difference
is likely to be in the cumulus convection schemes used,
though the precise cause requires further study. His re-
sults clearly show the importance of high horizontal
resolution and the model’s capability of simulating the
life cycle of individual cloud clusters as emphasized in
CL.

Recently in a complementary study Yano et al. (1995)
have simulated hierarchical tropical cloud systems in a
shallow-water system. They also obtained the high sen-
sitivity of the simulations to the choice of convection
scheme. The speed of their super cloud clusters, 22 days
to circle the globe, is higher than what we obtained in
EMCA. This may be improved by changing their model
parameters. They have stated that the WISHE mecha-
nism that they rely on for explanation did not work for
some cases. Contrary to observations, their individual
cloud clusters have a pulsation period shorter than 1
day. This is likely to be related to the convection
schemes used. The circulation pattern they obtained has
a bow-shaped cloud cluster racing eastward and shed-
ding new cloud clusters behind, a result quite similar
to our ECL (Figs. 19 and 20b) and is different from the
observed pattern and from what we have obtained in
EMCA. Thus, their results can be improved by im-
provement in their treatment of convection parameter-
ization.

5. Summary and remarks

In extending CL’s work, we have simulated the super
cloud cluster and westerly wind burst events in a 3D
aquaplanet setting. As an integral part of super cloud
clusters, the westerly wind burst is due to two or more
successive cloud clusters pairs (vortex pairs, or twin
cyclones) straddling the equator that are generated by
a cloud cluster teleinduction mechanism. When SST is
not symmetric with respect to the equator, vortices may
occur in one hemisphere only; but that is sufficient to
give rise to westerly wind bursts. Of the three cumulus
convection schemes tried, the MCA scheme performed
best for our purpose. To the extent that cloud cluster
teleinduction, cloud cluster pairs in the north–south di-
rection, and the subsequent development of a westerly
wind burst appeared in our simulation, we achieved a
modest qualitative success. The speed of the super cloud
clusters in our model is reasonable compared with what
is observed. However, our model results do not show a
group of super cloud clusters packed together to form
a convective region associated with the MJO (the ob-

served packing is demonstrated by Nakazawa 1988).
Thus, our simulations cannot be considered as a com-
pletely successful simulation of the MJO. Also, the ob-
servational study by Hendon and Liebmann (1994) has
questioned the importance of the super cloud cluster in
the origin of the MJO, in contrast with our emphasis on
the role of the super cloud clusters. The resolution of
these problems will be one of our important future goals.

The evaporation–surface wind feedback is found to
be unnecessary for the existence of the super cloud clus-
ters and their internal structure, although it does affect
their intensity. Our results demonstrate the crucial role
of the cumulus convection scheme, and the greater de-
mand on the cumulus convection scheme in the 3D setup
than in the 2D setup. Moreover, b is found not to be
important to the genesis of the super cloud clusters and
has only modifying effects. However, it should be men-
tioned that the basic easterly wind owes its existence to
the earth’s rotation, which is related to b.

The qualitative success of the MCA scheme for our
present purposes should not be used as support for the
use of the MCA scheme for general circulation modeling
in general. Certainly the MCA scheme has its own draw-
backs when viewed from other perspectives. For ex-
ample, the MCA scheme has no capability of moving
boundary layer mass directly into the upper troposphere
in the ‘‘protected core’’ (the so-called hot towers),
whereas the AS scheme does. Other criticisms of MCA
can be found in Frank and Molinari (1993). So the larger
lesson that should be learned from our study is that more
effort should be put into cumulus parameterization. An
important part of this effort should be an intensive the-
oretical study of the interaction of cumulus ensembles
with the large-scale circulation.

This investigation will be further extended in several
directions. The observed splitting of a cloud cluster over
the equator, after being created through the teleinduction
mechanism, into a north–south pair is an interesting
topic, so are the factors that determine the meridional
and zonal propagation speeds of the cloud clusters. The
sensitivity of the model results to different SST distri-
bution may be a fruitful investigation. These will all
contribute to achieving our ultimate goal of a compre-
hensive interpretation of the MJO.
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